NASA TECHNICAL TRANSLATION NASA TT F-16€24

HEAT TRANSFER THROUGH PHASE CHANGE AND CENTRIFUGATION
APPLICATION TO TURBINE BLADE COOLING

J. Genot .and E. Le Grives

(MASA=TT=P=1RRA2U) HF AT ToAMGRPE MHIOYGH N75=-33350
PHESF CHANGP BND CPRNTIITHAATTIONW APPLICATION |

TO THORIYR RLANT COOLIMS (Kanner (Leo)

!ssociates) " p we ¢3,28 CSCL 27N Unclas

G336 4z31u

Translation of "Transfert de chaleur par changement de phase et
centrilugation - Application au refroidissement des ailettes de
turbine, ' in: Heat Transfer 1970; Assembly for International
Heat Transfei Conferences, International Heat Transfer—Confer-
ence, 4th, Vol. 1, Conduction; Heat Exchangers, Ulrich Grigull
and Erich Hahne, eds., Elsevier Publishing Co., 1970,
pp. HE2.2.1-HE2.2.12.

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION
WASHINGTON, D.C, 20546 OCTOBER 1975




vt

STANDARD T1TLE PAGE

[2 Goummu‘u-hi-uu_-or; No.

—— -
1. Repatt No

NASA TT F-16624

[ 1
3 Reciprent’s Catalog No

4. Titlo-and Subnitie 5. Report Date
HEAT TRANSFER THROUGH PHASE CHANGE AND | __October 1975 .
CENTROFUGATION - APPLICATICN TO TURBINE |6 Performing Orgenisatiun Code
| BLADE COOLING A e e
7 Authari s} 8. Peiforming Orgonization Report No.
J. Genot and E. Le Grives 0 Work e N T

'ONERA - Chatillon-sous-Bagneux - 92

— - e - e P — ]

11 Contract or Grant No

9. Perlorming Organizotion Neme and Address L NASw=-2790 .. ]
Leo Kanner As soc¢ 1ates 13. Type of Report and Period Covered

Redwood City, California 94063

TZ. :r;;s;;nrA;ncy Nume and Address Translat lon

National Aeronautics and Space Adminis- ﬁ,hﬁwmmm,A”",c“,
tration, Washington, D.C. .20546

15 Supplementory Notes

Translation of "Transfer de chaleur par changement de phase et
centrifugation - Application aux refroidissement des aillettes

nal Heat Transfer Conferences, International Heat Transfer
Conference, 4th, Vol. 1 - Conduction; Heat Exchangers, Ulrich
Grigull & Erich Hahne, eds., Elsevier Publishing Co., 1970,

'de turbine," in: Heat Transfer 1970; Assembly for Internation-

—HE2T2-I=HEZ, — . —
Wumoa e ' =

”Theoretical analysis of heat transfer conditions obtainable
through phase change in a metallic heat carrier exposed to
such strong centrifugation as that encountered in the case of
turbine blades. The main concerns of the study are the kin-
etics of condensed droplets and the closed-cycle heat transfer
performance through peripheral evaporation and condensation at
the externally cooled hub. Following verification of the
operating principle underlying the proposed heat transfer
technique by means of and ethyl alcohol and cesium containing
pressure vessel centrifugated at the end of a revolving arm,
the requirements are examined for a high-temperature exper-
iment at high acceleration values.

17, Key Words (Selected by Author(s)} 18, Distribution Statement

Uncladsified-Unlimited

19. Secunty lassit. (of this report) 20, Security Classif. {of this pagé) 2. No. of Pages 22, Price

Unclassified Unclassified 18

NASA-HQ




HEAT TRANSFER THROUGH PHASE CHANGE AND CENTRIFUATION
APPLICATION TO TURBINE BLADE COOLING

| J. GENOT and E. Le GRIVES
¥ ONERA - Chatillon-sous-Bagneux =~ 92

" Summary

“ Heat transfer conditions obtainable by phase change 1n a HE2.2.1%
b- .- metal heat carrier under the strong conditions of centrifugation ¢
enicountered in the case of turbine blades are analyzed theoretic-
. ally insofar as the the kinetics of the condensed droplets and

: the closed-cycle heat-exhange performances through peripheral va-
S porization and external cooling of the hub are concerned.

i Following verification of the applicability of the principle
: of this transfer technique on a rotating arm providing an acceler-
?« ation of the order of 103 ms~2 and carrying a chamber containing
ethyl alcochol or cesium, the experimental modalities with sodium
with high-velocity and high temperature testing means are examined.

1. Introduction

The advantages of heat transfer through phase change in a
suitable heat carrier circulating in a closed circuit have been
% recognized in numerous cases of application. Producing slight
: mass displacements of a fluld selected on the basis of its vapor
, pressure and vaporizatlon heat characteristics at the quasi-cons-
5, tant temperature of the cycle, heat sinks are currently used to
’ extract intense heat fluxes, particularly with a sultable metal
- from the core of nuclear pilles.

¥ #Number in the margin indicate pagination in the forolgn text.




In every other field of industrisgl application, the cooling of
gas turbine blades can be considered through phase changes of an
alkaline metal previously introduced into the hollow-blades with
channels sealed at each-end. Thanks to the great disparity of
[ densities.of the vapor and liquid phases, the heat transfer cycle
can be maintained by centrifugation of the liquid phase provided
external cooling of the base of the blades is seiured.

Although the cooling of the blades by. the thermosiphon eycle ‘
- has beeén proposed by extension, the phase-change technique in high- )
‘ speed rotors does not appear to have .been the object of systematic_

studies. Resorting to small displacement only, this technique

makes it possible, moreover, to elude the appearance of high

stresses due to intensification of the hydrostatic pr~ssure of the

occluded fluid and to ensure virtually perfect isothermy of the

blades, thus facilitating heat exchanges at their base.

by The purpose of the study undertaken by ONERA is an initial

; verification of-the workability of thls process using a revolving

arm device having low centrifugal acceleration and relatively low
temperature (< 10°% msee~?%), followed by an experiment at a high
rotational velocity (acceleration up to 3+10°% msec™2) with sodium/HEZ.2.2
a8 the transfer fluid, using testing means developed by the Atomic
Division of SNECMA [1].

A theoretical analysis of the thermokinetic cycle provide@,
furthermore, for a sensible design of the geometry of the channels
, and of the exchangers that that extend the blades, as well as the
. conditions of fractional filling of the channels.

2. Heat Transfer Through Phase Change Cycle with Ce trifugation

The heat transfer process through phase change, designated
as "evaporative-cycle thermosiphon" in the literature [2], takes
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advantage of the centrifugal forces imparted by the walls of the

movable support, in order to increase the speed of circulation of
the heat carrier. The prospects afforded by this device seem to

" | . have been recognized for the first time by H. Cohen and F. J..

. ' Bayley [3] during cooling tests with a water thermosiphon cycle.
While analyzing the rate of f1lling of the channels isolated from

-

A one another, these authors observed -- by chance -- that the best.
' performances recorded- with a test-plece device rotating in a hot

CERNE gas flow and cooled at their base by a flow of cold alr were ob-
; tained with a small amount of water, less than 2% of the channel
A capacity. Figure 1 shows the values of the rate of heat flow

measured as a furiction of the rate of filling and of the duration
of the tests; beyond 30 minutes, the heat flux absorbed proves to

be independent of the.rate of fi1lling up to a minimum value in the
viecinity or 1.5%.

; This lower limit of the fluid
%”~‘——_ .-[-1ﬂ@ﬂ;;mw~x mass that should be introduced prior
S :i“”“ S G P to sealing the channels 1s the re-
f | }‘1\-3\___ b

i sult of the virtually uniform wetting
L condition of the wall exposed to the
hot gases by the droplets condensed
on the cooled wall, then centrifuged.
The optimum rate of f11ling cannot be
AJr determined with accuracy in theory,
and 1s determined only by experiment.

o C. Vi darcnglansgd o0 sin, 7
f\ Fig' 1
‘ Power absorbed by closed-

cycle evaporation of water

Condensation exerts a pumping
as a function of the rate

effect in the centripetal direction,
- of filling of the channels
) Speed of_qotation: always provided that the radial gra-
. i ‘ 15 rpm™ " [3] dlent dp/dr = pw’r (p = pressure,
BE Key: a.Absorbed power; r = radius, p = density, v = anpular

' b.Duration of test ;
minutes; c. Rate o% rotational velocity) does not attain
excessive values, thus implying the

filling with water.
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use of a fluld with quite a low atomic mass. By way of indication,
}. the ratio of pressures, with sodium, calculated by comparing the
e€quation of state of vapor to that of the perfect gas, or P’Pcf“P[‘:-'a"?(f""‘)]
‘. will be close to 1.1 for a speed of rotation of 10 rpm'l, a pe~-
ripheral radius of r = 0.3 m, re=0.1mand T = 1156°K (normal
boiling point of Na)., Even i1f we take into account losses of pres- o
sure head suffered by the flow. ¢f the vapor in the channels tra-
veled in the opposite direction by the droplets, a sufficient mass ’
transfer is provided by the condensation process..

Ao

The recycled flow-mass in the stedady state 1s fixed by the l
rate of heat exchange at the base, which 1s assumed to be cooled

by the circulation of air through the rotor disk; this rate of—
transfer controls the level of the viwtually uniform temperature
at which the active portion of the blade 1s.-fixed.

3~ Thermokinetic Characteristics of the Cycle with Sodium /HE2.2.3 1
Phase Change ‘

Il

Among the different metal whose
vapor-pressure curves are shown in 3
figure 2, sodium has the desirable
temperature and saturation pressure
characteristics for application to
gas turbines. Vaporization heat,
heat conductivity, viscosity, and
surface tenslon of the liquid phase

BT oL IARE LN § R O g

X

N4 _ are favorable; and the melting point
(98°C) 1s low enough to prevent any

B0 L8 —To0 TR solidification under operating con-

y  Tompheatire, K

Fig. 2 ditionSo
Alkaline metal vapor

pressure Although the amount of heat
Key: a. Vapor pressure; absorbed by the blade, and therefore

b. Temperature




the deviation between the temperatures of its outer surface and
of the hot gases are ultimately limited by the transfer capacity
at the base acting a2 exchanger, 1t is important to provide for a
channel geometry capable of ensuring quite a uniform distribution
of the droplets and a suitable equality of temperature at the
blades. An example of the configuration meeting this condition
is shown in figure 3. .The helical
grooves of the inner wall of the chan-

nels and their pitch provide, in prin-
4
&

for the desired uniformity of distribu-

ciple for the guidance of the droplets
A
=3 tion.

L)
) involved in the radial direction and
Sectimd

s Insofar as the flow—of heat trans-
mitted by the combustion gases to the
blades of an aircraft engine turbine is
concerned, when gas and blade tempera-
tures are close to 1400 and 1150°K, the

Fig. 3
Configuration of

blades cooled by mean exhcange rate is of the order ot

evaporation of a a°‘=800 W m=2(°Cc)-1! respectively [4].

1iquid metal Taking into account the dimensions of
Key: a. sigzional the blades, the flux Qo absorbed by each

of them is of the order of 2 kW, although
the flux-mass of sodium vaporized at
the normal boiling temperature (1156°K) would be equal to Qo/Lv =
m, = 2000/3870 = 0.517 gs~! (L, = specific vaporization heat),

With a cross section of the order of 1 cm? for the group of
channels, the rate of vapor flow would this be:

u, = mv/va

or with p, = 0,28 kg m™?, u, = 18.5 msee~!, a very small value with

respect to the speed of sound (a = 584 msec= under conditions of
thermodynamic equilibrium).
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The result of this gssessnent is that the vapor flow takes
place at too low & speed for the interaction with the droplets
circulating against the current tobesolelya function of the vel-
ocity imparted to these droplets by centrifugation; the great dis-
parity in densities of the saturating vapor (4 m* kg~!) and of
the 1iquid sodium (1.35-10-° m? kg-') leads to anticipate that
this interactlon is negligible in actual practice. A schematic
analysis of the conditions of formation and separation of the
droplets makes 1t possible,however,to determine this polnt.

Condensation enters in contact with the wall kept at a tem-
perature lower than the local saturatlon temperature of vapor in
the form of separate droplets. From discreet condensation nuclei
the sodium deposited as moisture constitutes microbeads whose
shape resembles truncated spheres, and whose adhesion is secured,
during the initial phases of thelr grewth by the surface tension
forces to which the pressure of the vapor flux 1s added.. Under
the conditions of intense artificial gravity occurring with cen-
trifugal accelerations of the order of 10* to 10° g, the force of
inertia plays a predominant role opposite bonding forces when the
gize of the beads becomes appreciable, although the formation of
a continuous films from discreet condensation nucle appears to

be excluded.

A simple computation makes it possible to determine the char-
acteristics of separation of the beads; in the case where they are
formed on an element with a surface assumed to be perpendicular
to the radial directlon of centrifugal acceleration, and where
their adhesion 1s greatest, the equilibrium condition of a micro-
bead is written (figure ba):

t , _ &
(4‘“5,)‘(4.%!“«,1"R -%%%u,"l\-.:’_;tmtufso (1)

o designating the angle of contact, o the liquid vapor surface ten=
sion, I' centrifugal acceleration, R the radlus of the truncated
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Forces acting on a bead
in the process of for-
= tion.
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Successive shapes of a
microbead to separation.
Key: a. Start of cop-
densation;
- b. Growth of bead;
{ ¢. Separation con-
4 figuratlon (R,
§ a, defined by
. formulas 3 & 4)

leads, following substitution of the value thus defined of SR i

sphere, whicii the shape of the bead
resembles, Py and Py the densitles of
“he vapor and liquid phases,

The volume of the bead,
Ve P(teesa)tr- 2es)® |, must increase con-
stantly due to the supply of mass
maintained by vapor condensation; the
separatlon of the bead must therefore
enter when the volume defined by the
value R(a) that satisfies the equi-
librium equation (1) attains a max-
imum value. Beyond this vaiue, the
inertia term prevails over the dynamic
bressure and surface tension terms,
and the bead separates rapidly adopting
the shape of and almost spherical
droplet (figure U4p)

The extreme volume condition, or

L3
LUn ¢
c =2

Wy (4: teim ) (2 mcosa) (2)

=

Ala

n

the equation after derivation aof (1) to equaticns:

LY

L (44 ess o) (003’ ..’hxw-") (3)
& - —'l!
Co (A= toger)

8. ",/ ) Lo eend) f - colu)feotly . e«cv-f)
' l

LTl

the secund of which adm
parameter (w2l

hood of 2,95+10-2,

2{1-ecs2)( 3 00t’a o Ceopr o )

(4)

lts a solution only 1f the nondimensional
2 NS 1s lower than a critical value in the nelphbor-
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Characteristic function of Change 1in bead radius, as

the angle of contact of the a function of their angle of
condensed beads. contact, according to the
. value of centrifugal accel-
fove @—fppor Mute of erstion (o, © 25 mssosls.
b. compatible with Key: a. Film formation;
bead formation; b. .Limit of bead sep=-

c. Angge of contact

a) aration (max. volume);
a (°).

¢c. Minimal acceleration en-
suring bead condensation;

- Angle of contact; e. Cern-
trifugal acceleration;
f. Radius,

In this case, the only solution in o that has a physical mean-
ing falls between Arc cos QA v2)= 114° and the value ay = 129° cor-
responding to the maximum °,95.10=?

of the function that appears
in the secord member of (4),

The other two apparent soluticns,
from the mathematical standpoint, correspond respectively to a

negative value of R or to a minimum of Vv (figures 5a and 5b).

Under the previously retained conditions, Py = 0.28 kp m=?,
Py = 740 kg m~?®, and depending on the value of g calculated

P r—




according to the correclation law proposed by Schonhorn [5] ag a
function of the differcnce 4in viscositles of llquid and vapor [€].

N iy e 0,8 l'p[- %'3:’-';:-:—.:1 Nowme!
RE po or p = 0.154 Nm=!, the separation eriterion isc writcen: JHE2.2.%
| ‘ b _—

Ty e (gels) (5) |
= In the area of values of U, I' where this inequality 1s catis-
?; 2 fied, the radius R 1s itself lower than the valu RM corresponding .
;;‘, - to the maximum admissible for the parameter Qﬂggﬁf s Or accordinr

- to (3) and with ay * 129°:

~ 8 . 4gsiet
. 02, Y ! v —t—
= nE oM, w) T =

For a given value of I', volume V remains virtually constant
regardless of the value of U, dand the radius R_ of the droplets
formed after ‘separation is thus close to the value

7 %
f-:" s [(l- ces ) (2 - cof Iu)"‘ ( T 0,45 Ry

)
i {.. whose evolution 1s shown ir fipure 6
§ i“u as a function of T.
- %300
g f?\ Taking into account the order of
: i magnitude for veloelty u, (< 25 msec~!),
' _ condensation would thus enter (with
i, C b miz;;uw_;?ém T elements normal to the radius) in the
e, 6 form of a film in that portion of the
Dimensions of beads and rotor where acceleration would be less
drbplets,tggger separa- than 3.4:10*% msec=?, i.e in the case

of an angular velocity of w = 10} sec-!,

Key: a. Maximum radius . 2
of beads, Ry, with a radius of less than 3,4:1072%.
and radius of The conditions achieved in practice

b dropligs, a3 very frequently preclude this con-
+ Centrifugal ac-
celeration. tingency.

When condensation begins with a wall element thls is oblique or
parallel to the radial direction, the values of the radius R derived

9
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from a computation analegous to the preceding one would bo evan
= lover, so that the aerodynamic resistance oppesed to the movement
L :u or rolling of the microdrops must be estimated in laminar flow.

I Only the in'tial movement conditions differ according to the erien=-
tation of the wall clement, since as the centrifugal forece can only
be imposed by the support driven at the rotational speed, the drop-

) lets assumed to be scparated have a uniform movement of absolute
: - velocity equal to that of their iritial support. .-.In related axes
g linked to the.rotatinp frame, their trajectories are defined by the

reduced equations

i 9/h, = t'a“’" - wbt-
nw/x, = 1/ coswr

trajectories issuing from points situated at
different values of the radius r, are homothetic,
their shape being independent of angular velocity
athk w, which controls only the free passage of the
droplets (the influence of the aercdynamic drag
/ being neglected in a first approximation). The
droplets are therefore rapidly intercepted by
[[f , the wall towarde the downstream side, i.e., to-
i | N wards the lower surfaces of the blades. They
Fig. 7 then roll towards the periphery, Jjust as iIn the
Tralectories of case of the beads condensed ab_initio on this
i gzisieggtignrii- face. The droplets formed on the upstream side
r o the middle plane (situated on the upper surface) are subjec- /HE2.2.6€
% :{ §h§Zii??ri°' ted ‘¢ the Coriolis acceleration from the mo-
8 Key: a. Direc- ment their motion starts in the radial direc-
tion of tion, which tends to separate them and projecct
rotation. them downstream. In order to minimize this
dissymetry affect in the distribution of the

droplets, provisions must be made for a surface state capatle of

/ according to the notations in figure 7. The

er WA}, PRATEY B
%@
o~
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Fulding and slowing down the ecendensed particlea, and of maintain-
ning their adhesion,

In the limit, 1f we assume that friction in neplipgl'le, the
motion of a drop rolling on the downstream wall would bc deserited
by the equation:

2
dtr - u2p
where r = r,chut; the complementary acceleration Cwdr L 2wtaten)
comparable to the centrifugal acceleration would be expressed by a
rapidly 1increasing pressure force tending to crush the drc¢p main. t
the wall.

In practice, the intensification of the heat Ere - up oL sit-
ing from this pressure would no longer be unf+. - ¢+ ., since it
would act in a direction corresponding to tha. of the inequality of
exchanges by external convection.

Insofar as takxing the aerodynamic resistance to droplet motion
into account, 1t would lead to writing the effective acceleration
criterion as

t t s 2 g 4l R
Ca 2oty ,.R’ {..,t,,%nﬂ‘, €¢ , ou 7%7‘7‘: s & Ry

Cx designating the drag coefficlent, which ir moreover only slightly
different from the value Cx = 12/Re of Stokes' law, piver the low

p. U R
value of the Reynolds number Re = —37F45.
v

Taking into account the change of C of the sphere as a function of

Re [7], this 1nequality, which 1s written with r = 0.1 m, u, ® 20ms=!:

-?
Ry 2 5.67.10°7 ¢,

actually leads to a minimum value of R?, which 15 virtually equal
to 7:10~% m fer which Re = 1.1 and C, = 12.5, conditions very cloze
to Stokes' law.

11
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Local Heat Exchange Conditions Due to Evaroration or Condensation

In an established flow, equal masg-flowg of flui~ ]
K state and in the liquid state circulate contercurrent in the chan-
‘ Nels. The power absorbed by varorization is slightly greater than )
the pcwer given up by condensation, due to conduction by walls that !
are not rig-rously isothermal and to varlation of the change-of-
state heat between extreme temperatures. It 1s important, in any
eéveni, to guarantee & effective wetting of the heating andg cooling ‘
i walls, the area of the moistened furfaces being a function of the 1

in the vapor '

tion.
1
We o By comparison with different metal
B &E{, ng,ﬁggﬁ fluids, Hg, Cd, NaX, as well as with water, :
}”“‘¢f5-~T - the transfer coefficient measured boiling ﬂ
y {d___'- _4:j sodium are shown in figure 8 as a function
s a§ ;mmn» T of the variation in termperature between a
i €£:::£E:;3Wm« stalnless steel wall angd the liquiqd [8]:
- sodium appears to be quite suitable for
¥ Fig. 8 the transfer of high-density heat /HE2.2.7
E Comparison of ex- flux, which under the most favorable con- 1
‘ ggaggilgggfg%céigfs ditions, in nucleation regime and prior to :
ferent fluids (ac~ the appearance of film boiling might reach
cording to [8]. 400 to 500 xW m-2, A
Key: a. Exchange
b Merggggfﬁggni% The data published by Katz [9] confirn
sodium; e, Water; the favorable effect of the wettability of
giqgigcggg;egatgﬁél- alkaline metals, an effeot that can be rein-

variations. forced by the plating of the liquid metal

by centrifugation, against any projecting
surface element., It is therefore important to organize g sultable
contour of the heating wall, whose useful surface (v 50 em?) must
permit absorption of the flux Qo = 2 kW previously retained according

12




to a cited example. Tre absence of any 1incoridensable element, the
cleanliness.of the surface state (preferably rough) of the wall are
essential for transfer efficiency.

¢‘ 3 1t
?m":::" ¢ !
Swe iyt :
’i‘ X ‘

'T i 1
o
':1;\’ f !

:;i v‘“‘f?}.g
T

o Leore oo tompiestures mire
18 poromet=tt vopeve, %

Fig. 9

Heat transfer coef-

ficierits measured

by sodium condensa-
tion.

Key: a. Heat trans-

fer coefficient}
b. Tenmperature varia-
tions between wall
and vapor.

The effect of centrifugation towards
the cooled end, besides beingz less marked
than at the periphery, is to facilitate
condensation in microdroplets, a mode
that was recognized by Misra and Bonilla
[10] as suitable to provide for higher
exchange coefficient_values than in the
case of film condensation. Although much
lower than the theoretical forecast accord-
ing to Nusselt's law, the heat #lux values
measured with sodium (figure 9) reach
almost 400 kW m~2 under cooling condi-
tions ensuring a temperature variation of
3 to 4°C between the wall and the liquid
metal. The absence of incondensables, and

e e met® e e B &

cleanliness of the wall.are still neces-

sary to restrict the temperature drop at
the solid-liquid interface, this drop would seem to explain, at
least in part, the deviations noted with respect to the theoretical
exchange coefficients.

In short, it seems possible to develop sufficient wet-surface
areas, both on the active side of the blades where the fluid vapor-
izes and st their hase that plavs the role of condenser, to absord
a power of the order of 2 to 3 kW per blade.

It wlll be realized that it is still necessary to remove the
heat flux supplied by condensation of the primary fluid by meansz of
a secondary convection flow around the bases. This cooling, pro
vided by the circulation of air drawn from the compressor in

13
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turbine-engine applications, can provide 1t thanks to different
devices on the experimental study set-ups.

5. Experimental Study of the Process 1f Heat Transfer through Phase
Change

Two set-ups were used successively in order first to verify
the validity of the transfer principle with phase change under cen-
trifugation, then to study the efficiency of this method of trans-
fer under test conditions quite similar to those of the proposed
application.

Firstlyv, tests at a moderate rotational speed were conducted
using a revolving arm installed at ONERA. This device, which pro-
vided an acceleration of 10! msec™at about 1 m from the axis of
rotation, serves as the support for a cylindrical chamber contain-
ing a small amount of ethyl acohol (from 10 to 20% of the total
capacity) and vacuum-sealed at low temperature.

According to the diagram

b At © oo
oo 2o tomm B vf_lz shown in figure 10, a heating
clectrue = L= unit permits electrical adjust-
= -S; R P> SRS O | ment of heat supply to the per-
B — - ‘f“_—hi N ripheral end, while the conical
A pres ot Eortige § weer ot bottom equipped with blades 1is
Fig. 10 embedded in a block of ice con-
Key: a. Acceleration; b. Elec- tained in an 1nsulating case,
tric “eating; c¢. Block of which acts as a heat sink. The
i?eéeag.iggzgézigﬁgar?f Ine centrifugal force constantly
sulating case. applies the ice agalnst the

bottom of the chamber, and the
molten mass is measured as a function of the displacement of the
block, recorded during the test.

14




The difference between temperatures Ty and T; measured by (HE2.2.8

means of thermocouples is a few degrees, so that the heat flux
transferred by wall. conduction appears very low with respect to
the flux transferred by alcohol phase change. The pressure mea~

sured—in the chamber is close to vapor pressure corresponding to
temperature T,.

The experiment with the revolving arms must be resumed at a
higher temperature level (v 600°C) with cesium..as the transfer
fluid. It 1s faced, however, with the drawback of a fairly sub-
stantial loss of power due to the effect of ambient air convection;
the yield defined as the ratio of transferred power to electric
power does not actually exceed 50% in the alcohol tgsts. e

The test means used in the second stage of the study were car-
rled-out-in 1966 by the Atomic Division of SNECM4,  for .the purpose

of studying aireraft turbine blade cooling through the closed ther-
mosiphon cycle [1].

This installation comprises essentially a rotor driven by a
variable-speed electric motor (up to 8500 rpm~!), with the peripher-
al acceleration reaching about 3:10°% msee=2. Two parallelepipedal
test pieces representing two diametrically opposed blades are at-
tached to the hollow disk and traversed by a flow of air that serves
to cool the bases that act ag exchangers (figure 11). They are per-
forated internally by five cylindrical channels with a Y-mm diameter
pdrtially filled with sodium and vacuum sealed.

The revolving unit is enclosed in a vacuum chamber; heat is
supplied by a graphite-plate annular furnace where one carn be heated
by the Joule effect to a temperature of 2500°K, while the other acts
a8 a reflector. A heat flux with a virtually uniform density 1is
transferred to the test pleces. This furnace is insulated by screens
and a layer of graphite wool, all of which is contained in a casing
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Test plece on. a high-
speed rotor produced
by the Atomic Division
of S.N.E.C.M.A....

Key: a. Heated part;
b. Attachment to
hub; ¢. Thermo-
couple passages;
d. Exchanger
casing; e. Seal-
ing ring.

with walls cooled by eirculating water.
In this manner, the heat balance can be
established by cross-checking the exter-
nal losses, the power radiated to the
test pleces and to the hub; the power
transferred. through phase change is
measured by the power collected by the
base-cooling air, close to conduction
losses through_the shaft and the hub.

The test program in progress 1is
based on the study of the effect of the
sodlum filling rate at different rates
of rotational speed.. The net transfer
power through phase¢ change will be deter-
mined by comparing it with the results

obtalned in.the absence of sodium, with
dry blades.

6. Conclusion

The application of an alkaline metal
phase change process to the cooling of

turbine engine blades has several advautages in principle; on the
one hand, the limited space available inside the channels, which
are necessarily very narrow, that car be arranged inside the blades
is nevertheless sufficient to hold the minimum mass of liquid metal
necessary to maintuin the heat cycle; on the other hand, the quasi-
constant temperature at which the active parts of the blades are
kept facilitates heat exchange towards the bases.

The cooling itself is thus reported at the level of the ex-
changers, at the cost of an increased consumption of air taken from

the compressor.
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b But it Is only on the basis of the results of the experimental
Studies currently in progress that it will be possible to reach
. final conclusions regarding the favorable aspects and the limita-
- _ tions of using this device.
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